Abstract. Deacetylase inhibitors (DACis) represent a novel therapeutic option for human cancers by classically affecting proliferation or apoptosis. Since transdifferentiation and dedifferentiation play a key role in carcinogenesis, we investigated the epigenetic influence on the molecular differentiation status in human hepatocellular carcinoma (HCC) models. Markers of differentiation, including cytokeratin (Ck) 7, Ck8, Ck18, Ck19, Ck20, vimentin, sonic hedgehog homolog (SHH), smoothened (Smo), patched (Ptc), glioma-associated oncogene homolog 1 (Gli1), CD133, octamer-binding transcription factor 4 (Oct4) and β-catenin, were examined in the human HCC cell lines HepG2 and Hep3B in vitro and in vivo (xenograft model) using quantitative real-time PCR and immunohistochemistry following treatment with the pan-DACi panobinostat (LBH589). Compared to untreated controls, treated HepG2 xenografts, and to a lesser extent cell lines, demonstrated a significant increase of differentiation markers Ck7 and Ck19 (classical cholangiocellular type) and Ck8 and Ck18 (classical HCC type), and a decreased level of dedifferentiation markers vimentin (mesenchymal) and SHH/Ptc (embryonic), paralleled with a more membranous expression of β-catenin. These findings were dose-dependently correlated with tumor size, necrosis rate, microvessel density and mitosis/Ki-67-associated proliferation rate. Our results demonstrate that the differentiation status of human HCC cells is influenced by the pan-DACi panobinostat, indicating that this treatment may influence the epithelial-mesenchymal transition (EMT) status related to metastasis and aggressiveness.
Introduction
Deacetylase inhibitors (DACis) represent novel therapeutic options for human cancer. As previously demonstrated by our group (1, 2) , DACis, as epigenetic modulators, have promising results in various human cancer types. The antitumor efficacy of DACis has been extensively studied with respect to their antiproliferative and proapoptotic activity in a number of cancers (3, 4) , and additional effects of DACis have now been identified that act through alternative mechanisms of cell demise (5, 6) .
With the exception of proliferation and apoptosis, the status of transdifferentiation and dedifferentiation appears to play a key role in tumor initiation, progression and metastasis. Transdifferentiation defines the process of converting one differentiated cell type into another (7) (8) (9) , while dedifferentiation defines the phenomena of reexpressing genes related to embryonic development and stem cell characteristics (10) . The ability of cells to transdifferentiate and dedifferentiate plays a key role in invasion and metastasis by the process of epithelial-mesenchymal-transition (EMT) (11, 12) . This phenomenon refers to a number of important mechanisms within current carcinogenesis models and has been fully integrated in the updated 'Hallmarks of cancer' by Hanahan and Weinberg (13, 14) .
Liver cells are characterized by a genetic pattern conferring them the capability to extensively regenerate following liver resection and differentiation during chronic inflammatory conditions. Due to these properties, liver cells may undergo neoplastic transformations, rendering liver cancer as the second and sixth most common cause of cancer-related mortality
The pan-deacetylase inhibitor panobinostat modulates the expression of epithelial-mesenchymal transition markers in hepatocellular carcinoma models PIETRO (15) . Although several compounds with various modes of action have been recently introduced for liver cancer treatment, the overall response rates remain dissatisfactory (16) . In recent years, DACis revealed a strong efficacy in the treatment of liver cancer as well as other solid and hematopoietic malignancies (2) . Since EMT is extremely well-characterized in the liver (17, 18) and the knowledge of epigenetic regulation in EMT is growing (19) , the influence of DACis should be investigated (20) .
Our earlier studies on human liver (21), biliary tract (22) and pancreatic cancer cell lines (23) revealed various morphological patterning in association with the molecular expression of differentiation in xenograft models. We previously detected altered patterns of differentiation in pancreatic cancer models following treatment with the histone deacetylase (HDAC) inhibitor SAHA and the methyltransferase inhibitor zebularine (24) . The cinnamic hydroxamic acid pan-DACi panobinostat (LBH589) is a novel potent inhibitor of all HDAC enzymes (25) and has already entered clinical development, particularly for hematological diseases including multiple myeloma, Hodgkin's lymphoma and AML (26) .
Here, we investigate the influence of panobinostat on the differentiation status in human hepatocellular carcinoma (HCC) cell lines (27) . We analyzed the expression of transdifferentiation markers including cytokeratin (Ck) 7, Ck8, Ck18, Ck19 and Ck20, and dedifferentiation markers including β-catenin, vimentin, members of the hedgehog pathway, Oct4 and CD133, in vitro and in vivo (in xenografts).
Material and methods
Cell culture. Human HCC cell lines HepG2 (p53wt) and Hep3B (p53null) were cultured under standard conditions as described in a previous study (27) . Cells were treated with 0.1 µM panobinostat, kindly provided by Novartis Pharma AG (Basel, Switzerland) and prepared as described previously (27) , and analyzed or processed for further experiments after 6-72 h. Animal experiments complied with the institute's guidelines and were approved by the Government of Lower Franconia (Würzburg, Germany) prior to the experiment.
Xenograft specimens. Formalin-fixed and paraffin-embedded specimens of HepG2 xenografts treated daily with intraperitoneal panobinostat injections of 2.5 mg/kg of body weight (BW) or 10 mg/kg of BW were obtained from a previous study (27) .
Quantitative real-time reverse-transcription polymerase chain reaction (RT-PCR).
For quantitative real-time RT-PCR analysis of mRNA using SYBR-Green detection, total cellular RNA was extracted using the RNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions, and reverse transcription (RT) was conducted using the QuantiTect Reverse Transcription kit (Qiagen). QuantiTect primers for human Ck7 (NM_005556), Ck8 (NM_002273), Ck18 (NM_000224), Ck19 (NM_002276), vimentin (N M_ 0 03380), β -catenin (N M_0 01904), sonic hedgehog homolog (SHH) (NM_000193), patched (Ptc) (NM_000264), smoothened (Smo) (NM_005631), glioma-associated oncogene homolog 1 (Gli1) (NM_005269), Oct4 (NM_203289), CD133 (NM_006017) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (NM_002046) were purchased from Qiagen and run with the SsoFast™ EvaGreen Supermix (Bio-Rad Laboratories GmbH, Munich, Germany) on a CFX96™ real-time PCR detection system (Bio-Rad Laboratories GmbH). Results were analyzed using the CFX Manager version 2.0 and Rest 2008 software, which was normalized to GAPDH mRNA content for each sample.
Tissue preparation and immunohistochemistry. All specimens were fixed in 10% buffered formalin, routinely processed and embedded in paraffin wax. Immunohistochemistry was conducted using routine diagnostic methods as recently published (28) , and immunohistochemical stainings were obtained using an autostainer system (Dako, Glostrup, Denmark) according to the manufacturer's instructions. Antigen retrieval was conducted by heat induced epitope retrieval in antigen retrieval buffer (pH 9.0) (Dako) at 95˚C for 40 min. The primary antibodies for Ck7, Ck8, Ck18, Ck19, Ck20, vimentin, SHH, Ptc and β-catenin were used to clarify the differentiation status (type of antibodies, vendors, pretreatment conditions and dilutions) as previously published (21) . Additionally, primary polyclonal rabbit antibodies of connective tissue growth factor (CTGF; 1:50 dilution; pH 9; antigen retrieval; Abcam, Cambridge, UK) were used to characterize EMT interactions. Tonsils and lymph nodes served as positive controls. Negative control experiments were performed using phosphate-buffered saline in place of the primary or secondary antibodies and the same processing as previously described (not shown).
Interpretation of immunohistochemistry.
The stained slides were digitalized using the ImageAccess 11 Enterprise software (Imagic Bildverarbeitung, Glattbrugg, Switzerland). The percentage of positive cells (extensity) was detected by evaluating the images per high-power field (HPF; magnification, x400) using the particle analysis module with optimized binarization method. The level of staining intensity (0, none; 1, low; 2, moderate; and 3, strong) was assessed by two independent pathologists (R.K. and D.N.). Finally, an expression score was calculated by multiplying the extensity and intensity score (22) .
Statistical analysis. Statistical analysis was conducted using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Univariate analysis of variance (ANOVA) was used to test for differences between the groups of tissue samples using the least significant difference (LSD) post-hoc test to adjust for multiple comparisons. The Pearson's product-moment correlation coefficient test was used to measure correlation. P<0.05 was considered to indicate a statistically significant difference.
Results

In vitro expression pattern of transdifferentiation and dedifferentiation markers following panobinostat treatment.
As shown in Fig. 1 , treatment with panobinostat markedly decreased the mRNA level of Ck7 in Hep3B after 6 h and in HepG2 after 48 h. Ck8 and Ck18 transcripts revealed unpredictable patterns demonstrating no correlation during the time points of both cell lines, while mRNA levels of Ck19 increased early in both cell lines. The level of vimentin mRNA significantly increased in both cell lines with a marked upregulation after 48 h. With regards to the hedgehog pathway components, a heterogeneous expression pattern was observed over the treatment time periods: mRNA of SHH significantly increased in HepG2 cells, while the opposite effect was observed in Hep3B cells. Transcript levels of Smo were extremely low in both cell lines with a stable decrease occurring after 72 h. In contrast to Smo, Ptc and Gli transcripts were highly expressed and revealed the highest expression 6 and 72 h after panobinostat treatment. Overall, the mRNA levels of β-catenin were stable in HepG2 cells with a slight decrease observed 24 h after treatment, and were stable in Hep3B cells with a slight decrease observed 48 h after panobinostat treatment. Finally, Oct4 was not detectable in either cell line, and CD133 revealed low expression in Hep3B cells and no expression in HepG2 cells (data not shown).
Correlation analysis of transdifferentiation and dedifferentiation markers in vitro.
Post-treatment correlation analysis (Table I ) between differentiation markers in HepG2 cells analyzed over time revealed a significant inverse correlation between Ck7 and SHH markers as well as Ck19 and Gli markers (P<0.001). A heterogeneous correlative association was found between all investigated markers, whereby the majority of transdifferentiation markers were negatively associated with markers of dedifferentiation (e.g. Ck7 vs. vimentin and Ck8/Ck18/Ck19 vs. Smo or Ptc).
Correlation analysis for Hep3B cells revealed overall positive correlations between markers of dedifferentiation. Notably, a positive correlation of Cks to β-catenin was also identified. Comparable to HepG2 cells, the majority of transdifferentiation markers were negatively associated with markers of dedifferentiation, whereby the statistical analysis of vimentin mRNA were diametric to HepG2.
In vivo expression pattern of transdifferentiation and dedifferentiation markers following panobinostat treatment.
The investigated HCC xenografts displayed a predominantly solid growth pattern. As previously published, proliferation and apoptosis levels were significantly decreased and increased, respectively, in xenografts treated with panobinostat (27) .
mRNA levels of Cks were also evaluated in HepG2 xenografts 4 weeks after treatment with 10 mg/kg BW panobinostat. As shown in Fig. 2 , panobinostat caused a marked transient reduction of Ck7 mRNA transcript after 1 week, and restored it to the basal level after 4 weeks. In comparison, the mRNA of Ck19 was stably expressed and revealed an upregulation 4 weeks after panobinostat treatment. Panobinostat induced similar effects on the Ck8 and Ck18 levels; both were upregulated after 2 weeks but were slightly reduced after 4 weeks of treatment. Notably, vimentin mRNA was significantly decreased after 1 week, with exorbitant increase 2 and 4 weeks following panobinostat treatment. We also investigated the mRNA expression pattern of hedgehog pathway components and revealed a notable decrease of all investigated members of the pathway (SHH, Smo, Ptc and Gli), which were no longer detectable after 4 weeks of treatment with panobinostat. The mRNA of β-catenin was stable until the second week, and increased slightly after that. Finally, mRNA levels of Oct4 and CD133 were not detectable at any time point in vivo (data not shown).
HepG2 xenografts implanted in nude mice treated with 10 mg/kg BW panobinostat demonstrated a significant increase of Ck7 protein levels compared with control xenografts (vehicle only; Fig. 3 ). Ck8 and Ck18 also demonstrated a significant increase following treatment with 10 mg/kg BW panobinostat in contrast to vimentin, a mesenchymal marker, which was significantly decreased. A lower dose of panobinostat (2.5 mg/kg BW) was able to induce a significant increase of Ck19 protein expression; while the protein expression of Ck20 minimally increased following panobinostat treatment at high dose (<1 cell/HPF; data not shown). Immunostaining for β-catenin revealed a different cellular distribution, highlighting a reduction of its cytoplasmic level and a slight increase of its cellular membrane localization, particularly following treatment with 10 mg/kg BW panobinostat. Although the expression levels of hedgehog pathway members SHH and Ptc were low in the untreated control xenografts, a significant reduction of the protein levels was observed, particularly following treatment with 10 mg/kg BW panobinostat. Table II , Cks as markers of transdifferentiation demonstrated a constant, partly significant, negative correlation with proliferation rate (Ki-67), mitosis rate, microvessel density, size of tumor and necrosis, indicating an inverse temporal correlation following panobinostat treatment. Overall, the most significant correlations were identified between markers of differentiation and the rate of mitosis and microvessel density. We revealed that those morphological parameters were negatively associated with the expression of Ck7, Ck8/18 and Ck19, but positively associated with markers Pearson's correlation coefficient was used to measure the correlation between mRNA expression. a P<0.01. Ck, cytokeratin; Vim, vimentin; SHH, sonic hedgehog homolog; Smo, smoothened; Ptc, patched; Gli1, glioma-associated oncogene homolog 1; β-Cat, β-catenin. n.a., not applicable; n.d., not determined. of dedifferentiation, including vimentin and members of the hedgehog pathway. In line with these results, membranous and cytoplasmic levels of β-catenin demonstrated an inverse correlation pattern; changes of membranous β-catenin are positively correlated with changes of Ck expression, while cytoplasmic levels of β-catenin are inversely correlated with changes of Ck expression. Finally, the expression of Ck19, Ck20 and membranous β-catenin were significantly associated with CTGF expression, while an opposite correlation was identified for the expression of vimentin and cytoplasmic β-catenin.
Correlation analysis of transdifferentiation and dedifferentiation markers in vivo. As listed in
Discussion
We demonstrated that with the exception of proliferation and apoptosis (27) the differentiation status of human HCC cell lines in vitro and in vivo (using a xenograft model) may be influenced by the pan-DACi panobinostat (LBH589). This suggests that DACis may also influence cellular processes of differentiation and EMT transition, leading to the reversion of a malignant, undifferentiated phenotype into a more benign and differentiated phenotype.
As discussed by a number of authors, the processes of differentiation, transdifferentiation and dedifferentiation are essentially involved in the cellular development, maintenance and regeneration of different biological systems (7) (8) (9) .
In the last few years, the impact of differentiation in carcinogenesis has gained increasing attention and it has been included as a basic mechanism in the cancer stem cell model (14) . Tumor-specific stem cell signatures were proven experimentally (29) , predicting clinical endpoints including time of tumor progression or outcome (30) . Here, we reveal that untreated human HCC cell lines (HepG2 and Hep3B) express markers of dedifferentiation rather than of transdifferentiation. Differences between the in vitro and in vivo situation were identified, which may be induced by the effect of extracellular matrix interactions in the xenograft model (21) since matrix stiffness influences proliferation and chemotherapeutic resistance as well as cellular dormancy and stem cell characteristics in HCC (31) . Notably, CD133 expression was only observed in Hep3B cells, which confirms the results of a recent study revealing that CD133 expression levels are associated with the upregulation of invasion-and EMT-associated genes leading to greater cell migration in various human hepatic cancer cell lines (32) . This reflects the whole differentiation capacity of human liver cancer (17, 18) , which should be the concept for further experimental investigations and the new future approach for patient risk stratification and therapeutic decision, as it has assumed strong relevance in other solid malignancies including breast cancer (33, 34) .
Until now, the therapeutic effectiveness following chemotherapy and surgical tumor resection is routinely evaluated by investigating the tumor volume and the signs of regression. The estimation of tumor volume or its reduction is semi-quantitatively assessed as previously reviewed (35) , and the signs of regression include tumor cell pyknosis, cytoplasmic vacuolization/fragmentation and necrosis. Comparable to our previous study, we identified that tumor size and tumor necrosis of the xenografts decreased and increased, respectively, following panobinostat treatment (27) , which was recently confirmed in combination with sorafenib (36) . Other approaches characterized the tumor-associated inflammation to identify therapy-associated prognostic factors (37) . Nevertheless, it is worth characterizing the tumor differentiation status since it is known that tumors change their morphological and molecular Table II . Correlation analysis of transdifferentiation and dedifferentiation markers following panobinostat treatment in vivo (HepG2 xenografts).
Ck8 phenotype due to the onset of chemotherapy resistance or by shifting the differentiation status and selecting specific tumor subgroups including tumor stem cells (38) . Gastrointestinal stromal tumors present different phenomena of transdifferentiation and dedifferentiation, including loss of c-kit expression or rhabdomyoid differentiation following targeted therapy with kinase inhibitors (imatinib mesylate) (39) . Analysis of breast cancer following neoadjuvant chemotherapy revealed a different expression of the estrogen and progesterone receptors compared to untreated cancer (40) . In contrast to classical Ck profiling, these markers are not lineage-or differentiation-specific, demonstrating only an on-off switch phenomenon of activation inside these tumor cells (41) . Additionally, hematopoietic cancer cells revealed a loss of their surface markers, including CD20, following target therapy with retuximab, a specific antibody against CD20 (42) . Furthermore, treatment of MDS and AML with the DNA methylation inhibitor decitabine vidaza induced different morphological changes, including colony formation, and expression of hematopoietic differentiation markers (43) .
Our data demonstrates that human liver cancer cell lines change their status shifting from a dedifferentiated acquired pattern to a well-differentiated status following treatment with panobinostat. These results are in line with earlier studies in a human pancreatic cancer cell model using a combination of the histone deacetylase inhibitor SAHA and the methyltransferase inhibitor Zebularine (24) . The effect of panobinostat demonstrated a time-and dose-dependent activity (particularly in vitro), whereby heterogeneous effects were observed in vitro and in vivo as previously discussed. Overall, we identified that treatment with panobinostat not only caused a decrease of dedifferentiation markers, but also an increase of differentiation markers including Cks. This supports the idea of a well-differentiated pattern having a similar morphological and molecular plasticity of human liver cells and preventing the EMT in the process of tumor migration and metastasis (11, 12) . Further experiments using invasion assays are required to support this hypothesis. Notably, the expression pattern of differentiation could significantly be linked to the expression of CTGF contributing to HCC cell dedifferentiation (44) . Therefore, differentiation patterning may be used as an additional prognostic and predictive indicator for therapeutic effectiveness as recently discussed (45) . We could demonstrate that the expression of markers, including Cks, vimentin and β-catenin, correlates with the effectiveness of photodynamic therapy (46) or experimental Wnt pathway inhibitors (22, 47) in a biliary tract cancer model. Additionally, the importance of differentiation status is supported by our results, which demonstrate that markers of differentiation are significantly inversely correlated to classical prognostic tumor markers, including tumor size, tumor necrosis, mitosis rate, microvessel density and Ki-67-associated proliferation rate in the xenograft model. This should be taken into account since targeted therapies are often underestimated by conventional parameters like RECIST or WHO radiology. Therefore, functional biomarkers like differentiation markers should be established.
Finally, we are aware that we descriptively present the effect of the pan-DACi panobinostat on EMT in a human liver cancer model, which should be proven and supported by further functional investigations using siRNA or small molecules interacting with intermediary filaments (48, 49) .
In conclusion, the pan-DACi panobinostat influences not only the classical markers of cancerogenesis including proliferation and apoptosis, but also the differentiation status of human hepatic cancer cell lines HepG2 and Hep3B. Since the epigenetic-associated shift of differentiation is paralleled by morphological markers such as tumor size and proliferation, more effort should be focused on the differentiation status of tumors in order to provide additional information for therapeutic effectiveness and success.
